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Abstract
Magnetocaloric refrigeration is a solid-state cooling approach that promises high energy efficiency and low environmental impact.
It remains uncompetitive with conventional vapor-compression technologies due to lack of high-performing materials that exhibit
large magnetocaloric effects in low magnetic fields. Here we report a game-changing enhancement of the magnetocaloric response
in a transition-metal-based Ni-Co-Mn-Ti. Mechanically and chemically stable rapidly solidified ribbons exhibit magnetic entropy
changes as high as ∼27 J·kg−1·K−1 for a moderate field change of 2 T, comparable to or larger than the best known materials for
near-room temperature applications. The ribbons can be easily manufactured in large quantities and the transition temperature can
be adjusted by varying Co concentration.
Keywords: multicaloric, magnetocaloric, shape memory, magnetic refrigeration
1. Introduction1
Modern society is unimaginable without easily accessible, on-demand cooling, refrigeration, air conditioning2
and heat pumping. Both as conveniences and necessities, the cooling needs today are largely supported by vapor-3
compression technology. The latter, however, comes at a cost: in the developed countries alone, all kinds of vapor-4
compression devices consume between 20 and 30% of the generated electricity, and this already large energy use5
segment is expected to grow dramatically in the near future [1]. Even though the conventional vapor-compression6
technology has matured over more than a century of focused basic and applied research and development, its potential7
for radical improvements in energy efficiency is limited. To satisfy and sustain future cooling needs, energy-efficient8
alternatives to vapor-compression are required [1]. One of these alternatives magnetocaloric refrigeration (MR)9
exploits the magnetocaloric effect, MCE [2]. Underpinned by the underlying quantum phenomena, MR promises10
20-25% improvements in energy efficiency over the conventional state-of-the-art [3], explaining why MCE-related11
research became global soon after the potential for its applications near room temperature was demonstrated experi-12
mentally [4, 5].13
Magnetocaloric effect is a thermal response of a solid generated when a lattice of magnetic spins couples to, and14
is rearranged by, an oscillating magnetic field [6, 7, 8, 9]. The success of MR technology is critically dependent on15
availability of affordable materials exhibiting large MCEs in magnetic fields low enough so they can be manufactured16
at low cost. The discovery of the giant MCE in Gd5Si2Ge2 [10] prompted worldwide research to exploit first-order17
magneto-structural transitions (MSTs) to achieve large MCEs. As a result, a number of materials exhibiting giant18
1
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magnetocaloric effects, such as those based on La-Fe-Si [11], Fe2P [12], MnTX (T = transition metal, X = p-block19
element) [13, 14], MnAs [15, 16], and some Heusler alloys [17], were discovered and characterized. These state-of-20
the-art materials are, unfortunately, far from ideal: some contain hazardous, critical or non-earth-abundant elements,21
while others involve complex syntheses and processing. In addition, poor mechanical stability (most materials that22
exhibit the giant magnetocaloric effect are brittle and decrepitate upon repeated field cycling) and thermal conductivity23
are major concerns. Therefore, development of much improved magnetocaloric materials remains an important goal24
for solid-state science.25
Addressing this goal, we identified several systems where sharp first-order MSTs, and, consequently, large MCEs26
should be expected [18], but either the systems were not studied or the results reported were in contradiction with the27
theoretical predictions. One such system is Ni50−xCoxMn35Ti15, where recent reports revealed MST in conventionally-28
prepared by arc-melting alloys [19, 20], but the observed transitions were broad and the resulting MCEs rather weak.29
Further, this alloy family exhibits the inverse magnetocaloric effect, i.e., increasing magnetic field increases the total30
entropy of these materials, where the lattice and magnetic contributions may oppose each other [21].31
Here we report a dramatically enhanced magnetocaloric effect in rapidly solidified Ni50−xCoxMn35Ti15 materials.32
The resulting magnetic entropy changes (∆S ) exceed those observed in conventionally prepared bulk samples [19]33
by as much as 400%, reaching 27 J·kg−1·K−1 for a 2 T magnetic field change around room temperature when x(Co)34
= 12.5. This large MCE is on par with best magnetocaloric materials available at present. Importantly, the rapidly35
solidified (i.e., melt-spun) ribbons remain mechanically intact during and after cycling through the phase transition,36
and their transition temperatures and the magnetocaloric effects can be controlled by chemical substitutions.37
2. Experimental Procedure38
Ni50−xTxMn35Ti15 (T = Co or Fe with 5 < x < 15); Ni37.5−yTyCo12.5Mn35Ti15 (T= Fe or Cu for 0 < y < 5); and39
Ni37.5Co12.5−xFexMn35Ti15 (0 < x < 5) were prepared in approximately 10 g quantities by arc melting the constituent40
elements in Zr-gettered Ar atmosphere. The starting metals were purchased from Alfa Aesar, and Ni, Co, and Ti were41
at least 99.99% pure, while Mn was 99.8% pure with respect to other metals. Mn was purified by arc-melting to42
remove other volatile elements before use. To compensate for Mn loss during the arc melting of the alloys, 3.5 wt.%43
excess of Mn (the amount determined experimentally to produce less than 1% total weight loss after melting) was44
added prior to arc melting. The arc-melted buttons were drop-cast as ∼1 cm diameter rods to promote finer grain size45
and better homogeneity. The melt-spun ribbons were prepared by induction melting the drop-cast alloys at 1473 K46
in a quartz crucible in 1/3 atm of high purity He gas and ejected at 105 torr overpressure onto a chilled copper wheel47
spinning at 20 m·s−1. The microstructure and energy dispersive spectroscopy (EDS) measurements were carried out48
on an FEI Teneo SEM equipped with an Oxford Instruments Aztec EDS system. Phase analysis was performed and49
lattice parameters determined by room-temperature x-ray powder diffraction (XRD) using Philips XPert Pro diffrac-50
tometer with Cu Kα1 radiation. Heat treatments were performed by sealing the material under vacuum in quartz tubes51
and holding the melt-spun ribbons at different temperatures for 30 min, then quenching the ampoules in ice-water52
mixture. To compare with earlier data [19], some of the samples were cut after drop-casting, and heat-treated at 107353
K under vacuum for 7 days. Isofield magnetization measurements were carried out in a Quantum Design Physical54
Property Measurement System (QD-PPMS) with a vibrating sample magnetometer insert. Heat-capacity measure-55
ments were performed using a homemade high-precision adiabatic heat-pulse calorimeter [22]. The calculations of56
the isothermal entropy changes were performed by using isofield magnetization data following protocols described57
in detail in Ref. [23]; the temperature-dependent isofield magnetization measurements were performed at 1 K·min−1.58
Temperature dependent XRD measurements were executed on a Rigaku TTRAX rotating anode powder diffractome-59
ter employing Mo Kα radiation [24] equipped with a helium-flow cryostat. The ribbons were attached to a Cu sample60
holder plate, which adds Bragg reflections from Cu to the patterns. Rietveld refinements were performed using Ri-61
etica [25]. Magnetization measurements under hydrostatic pressure were performed using a Cu-Be pressure cell and62
Daphne 7373 as the pressure medium. The pressure cell is placed in a superconducting quantum interference device63
(SQUID) magnetometer (by Quantum Design, USA), where the measurements were carried out in the temperature64
interval of 50−320 K and in magnetic field of 1 kOe. The pressure was determined by observing the shift of the65
superconducting transition temperature of a high-purity Pb sample that has been placed together with the sample to66
be evaluated, i.e. Ni50−xCoxMn35Ti15.67
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Figure 1. (color online) (a) ±0.003 e/Å3 iso-surfaces of spin-density in NiMn in AFM (110) primitive unit cell and (b) around Ni atom. Positive
(negative) iso-surface is yellow (blue). Spin density in Ni atomic sphere is orbital-selective and sums to zero atomic moment. (c) Calculated
energies of the fully ordered and relaxed Ni37.5Co12.5Mn37.5Ti12.5 structures with various atomic and spin ordering. Atomic structures are chemical
decorations of the 16-atom cubic cell, shown as the inset. Ti order specifies if Ti-Ti are 1st, 2nd, or 3rd neighbors. Different line styles represent
Co-Co neighbors: 1st (solid), 2nd (dashed), and 3rd (dotted line). (d) Calculated energy vs. tetragonal c/a distortion of AFM(110) structure (with
1st Co-Co and 1st Ti-Ti neighbors). All energies are relative to that of unstable cubic AFM(110) structure with 1st Co-Co and 1st Ti-Ti neighbors.
Inset shows AFM(110) ordering of Mn moments: up (blue) and down (red), and zero Ni/Co moments (grey).
3. Results and Discussion68
Quaternary Ni50−xCoxMn35Ti15 are doubly substituted alloys derived from binary antiferromagnetic NiMn (Ni50Mn50) [26]69
where Co replaces Ni and Ti replaces Mn. The magnetic ground states and crystal structures of Ni50−xCoxMn50−yTiy70
were analyzed using density functional theory (DFT). Fully ordered binary NiMn and representative structures in large71
super-cells were considered using two DFT codes: a modified full-potential plane-wave VASP [27, 28] with built-in72
C2NEB algorithm [29], and all-electron multiple-scattering MECCA [30]. In addition, alloys with homogeneous73
disorder on each sub-lattice were considered within the Korringa−Kohn−Rostoker (KKR) method combined with74
the coherent-potential-approximation (CPA), implemented in MECCA. The KKR method was used with an atomic75
sphere approximation with periodic boundary corrections. In both VASP and MECCA codes, we used the Perdew-76
Burke-Eberhardt version [31] of gradient-corrected DFT exchange and correlation energy. We used 163 k-points per77
2-atom (B2 primitive) cubic unit cell for the Brillouin zone integration. Thermodynamic predictions based on the78
KKR-CPA [32, 33, 34] and multi-scale methods are discussed in the literature [35, 36, 37].79
Calculations show that in the parent Ni50Mn50, Ni has zero total magnetic moment, because the spin density80
in Ni atomic sphere sums to zero and the non-zero spin density is orbital-selective (Figure 1(a,b)). The calculated81
magnetic moments of Ni, Co, Mn, and Ti in the ferromagnetic phase of Ni37.5Co12.5Mn37.5Ti12.5 are 0.5, 1.3, 3.3,82
and 0.3 µB, respectively; their dependence on the atomic order is within 0.2 µB. As expected, the atomic magnetic83
moments of Ni and Co are smaller than that of Mn. Calculations also predict that the lowest-energy magnetic state84
of (Ni50−xCox)(Mn35Ti15) is antiferromagnetic, AFM, (110), see Figure 1(c). Hence, the low-temperature martensitic85
state for this system is AFM, in which Mn has the largest magnetic moment (∼3 µB). The fully relaxed AFM (110)86
crystal structure is tetragonally distorted, see Figure 1(c,d).87
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Figure 2. (color online) (a) Room-temperature x-ray diffraction patterns for Ni50−xCoxMn35Ti15. (b) Back scattered electron image of as-prepared
Ni37.5Co12.5Mn35Ti15 ribbon.
The powder x-ray diffraction study at room temperature indicates that with the increase of Co content on the88
Ni site, the B2 phase is stable when 12.5 ≤ x ≤ 15, while the monoclinic phase adopting space group P2/m [19]89
is observed when 10 ≤ x < 12.5 (Figure 2(a)). It is reasonable to assume that the monoclinic structure emerges at90
room temperature due to stabilization of the low-temperature martensite phase (see below) when x(Co) falls below91
12.5. While the theoretical study predicts that the martensite would have a tetragonal structure, such a phase is92
highly strained, which could cause further crystallographic distortion. Thus, the experimentally observed monoclinic93
structure is attributed to the effect of distortion of the tetragonal structure due to accommodation of martensitic strain94
(similar to the distortion from body-centered orthorhombic to B19’ in NiTi [38]). The observed B2-phase lattice95
parameters, e.g., 2.95609(3) Å for Ni37.5Co12.5Mn35Ti15, agree quite well with our theoretical values.96
Figure 2(b) shows a backscattered electron scanning electron microscopy (SEM) image of a Ni37.5Co12.5Mn35Ti1597
ribbon with refined sub-micron size grains. The different shades of gray observed in Figure 2(b) are related to chan-98
neling contrast rather than atomic number contrast, as the EDS analysis does not show measurable chemical inhomo-99
geneity.100
The isofield temperature-dependent magnetization measurements reveal that all of the samples (both in conventionally-101
prepared bulk and rapidly-solidified ribbon forms) exhibit transitions from low-temperature AFM phases to FM B2102
phases, followed by a ferromagnetic to paramagnetic (PM) transitions during heating (Figure 3(a)). For bulk samples,103
our measured transition temperatures are lower than those reported in the literature [19]. The transition temperatures104
of the ribbons are slightly different from bulk samples. The low-temperature transitions in M(T) are accompanied by105
thermal hystereses (Figure 3(a)), clearly indicating the first-order MSTs between AFM martensitic and FM austenitic106
phases. The transitions are much sharper in ribbons when compared with bulk samples as illustrated in Figure 3(b) for107
x(Co) = 12.5. The high-temperature FM-PM transitions are second order. When x(Co) increases, the transition tem-108
perature associated with AFM-FM MSTs (TM) decreases while the FM-PM transition temperature of austenite phase109
(TC) increases. This clearly indicates that the stability of the martensitic phase is reduced when x(Co) increases.110
Importantly, for the sample with x = 12.5, the MST occurs around room temperature (TM  289 K during heating),111
fulfilling a major requirement for its potential use in near room-temperature MR. The sample exhibits thermal hystere-112
sis of about 19 K, which can be manipulated by hydrostatic pressure (see Figure S1 in Supplementary information)113
and/or chemical substitutions (see Figure S2 in Supplementary information).114
To study the MST further, we performed x-ray powder diffraction at different temperatures down to 50 K. The115
structural transition from high-temperature B2-cubic structure to low-temperature monoclinic structure of the marten-116
sitic phase was confirmed (see Figure S3 in Supplementary information) in agreement with both a recent report for117
bulk materials [19] and our observation of room-temperature martensitic monoclinic phase in samples with low x(Co).118
The onset temperature of the structural transition observed in the temperature-dependent X-ray data agrees with the119
4
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Figure 3. (color online) (a) Magnetization as a function of temperature for Ni50−xCoxMn35Ti15 ribbons. (b) Comparison of magnetization between
ribbon and bulk sample for Ni37.5Co12.5Mn35Ti15 (c) Temperature dependence of specific heat at zero field for bulk Ni50−xCoxMn35Ti15 (x = 12.5
and 15). The inset in (c) shows the entropy change as a function of temperature at different magnetic field changes of as-prepared and heat-treated
at 1073 K for 30 min Ni37.5Co12.5Mn35Ti15 melt-spun ribbons.
magnetization data but the transition remains incomplete over a broad range of temperature. Considering that the120
experiment was performed on the same ribbons that were used in magnetization measurements, we conclude that the121
lagging structural transformation continues after the magnetic AFM-FM transition is complete.122
The heat capacity, Cp(T ), of two bulk samples: Ni50−xCoxMn35Ti15 (x = 12.5 and 15.0) was measured as a function123
of temperature at zero magnetic field (Figure 3(c)). The peak for the sample with x = 12.5 is much sharper than the124
one for x = 15 and the latent heat of transformation in Ni37.5Co12.5Mn35Ti15 is 13.1 kJ·kg−1·, which is much higher125
compared to 2.3 kJ·kg−1 in Ni35Co15Mn35Ti15. The large latent heat associated with the MST in Ni37.5Co12.5Mn35Ti15126
indicates that this material may also be suitable for both elastocaloric and multicaloric applications.127
Figure 4(a) shows the entropy change, ∆S (T ), for melt-spun ribbons of Ni50−xCoxMn35Ti15 up to ∆H = 2 T. The128
peak value of ∆S decreases with increasing Co content from ∼27 J·kg−1·K−1 to 5 J·kg−1·K−1 (∆H = 2 T) when x129
rises from 12.5 to 15. The shift of TM with magnetic field, dTM/dH, for x = 12.5 is 1.22±0.23 K·T−1, while it is130
1.62±0.31 K·T−1 and 5.02±0.26 K·T−1 for x = 13.7 and x = 15, respectively. In addition to competing lattice and131
magnetic contributions [21], both the transition at TM and the magnetocaloric effect are broadened substantially when132
x increases from 12.5 to 15 (Figure 3(a)), leading to much lower peak values of MCE. The dTM/dH is smaller in the133
ribbons when compared with the bulk (see Table S1 in Supplementary information for the summary of properties).134
According to Clausius-Clapeyron equation, the smaller the |dTM/dH|, the larger the first-order contribution to the en-135
tropy change [39], which is related to a discontinuous jump in the magnetization. Hence, the first-order contribution136
to the entropy change also decreases with the increasing content of Co, which is in agreement with heat capacity137
data. More importantly, the values of ∆S for the ribbons are significantly enhanced in comparison with their bulk138
counterparts. The enhancement is as large as 400%+ (Figure 4(b)). The value of ∆S for the ribbons with x = 12.5139
(∼27 J·kg−1·K−1 for 2 T field) is on par with best giant magnetocaloric materials reported for near room-temperature140
applications (Figure 4(c)). Moreover, the rapidly solidified Ni50−xCoxMn35Ti15 address one of the major drawbacks141
of nearly all known giant magnetocaloric materials, i.e., their decrepitation due to large strain that develops during142
magnetostructural phase transitions because most intermetallics are brittle. Brittleness indeed makes it difficult to143
convert any of the previously known materials into mechanically stable regenerators that can withstand 109 magne-144
tization/demagnetization cycles. The ribbons described in this study do not exhibit any signs of decrepitation during145
and after multiple cycling through MSTs.146
The possible origin of the MCE enhancement in ribbons compared to bulk materials is related to the sample pro-147
cessing that produces a sharper MST. We primarily attribute this behavior to the presence of higher degree of chemical148
homogeneity in the ribbons, as confirmed by microstructure and XRD analyses. It has been reported elsewhere [46]149
that chemical inhomogeneity can be detrimental to magnetocaloric properties, in particular of materials with very150
sharp transitions as the magnetocaloric effect is proportional to dM/dT .151
We also studied the influence of annealing on magnetic and magnetocaloric properties of the ribbons. The an-152
5
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Figure 4. (color online) (a) Temperature dependence of ∆S for ribbons of different alloys. (b) Comparison of ∆S of bulk and rib-
bon Ni37.5Co12.5Mn35Ti15 samples at several magnetic field changes. (c) Comparison of |∆S | (for ∆H = 2 T) of the present samples
with different other potential materials reported for near room- temperature application: red circle- rapidly solidified (Ni37.5Co12.5Mn35Ti15),
black: 1. La(Fe0.9Si0.1)13H1.1 [40], 2. La(Fe0.89Si0.11)13H1.3 [40], 3. Mn1.34Fe0.61P0.54Si0.46 [41], 4. La(Fe0.88Si0.12)13H0.5 [40], 5.
Mn1.32Fe0.63P0.52Si0.48 [41], 6. La(Fe0.88Si0.12)13H1 [40], 7. Mn1.28Fe0.67P0.48Si0.52 [41], 8. Fe49Rh51 [42], 9. La(Fe0.88Si0.12)13H1.5 [40],
10. Ni45.2Mn36.7In13Co5.1 [43], 11. Mn1.24Fe0.71P0.46Si0.54 [41], 12. MnAs0.90Sb0.10 [15], 13. MnAs0.95Sb0.05 [15], 14. MnFeP0.45As0.55 [12],
15. Ni2Mn1−xCuxGa [44], 16. Ni40Co10Mn40Sn10 [45], 17. Gd5Si2Ge2 [10].
nealing slightly increases the martensitic transition temperatures and decreases the maximum magnetocaloric effect.153
For example, ribbons with x(Co) = 12.5 heat-treated for 30 min at 1073 K exhibit a ∼20% reduction of ∆S at ∆H154
= 1.5 T, i.e., from ∼23 to ∼18 J·kg−1·K−1, while the peak temperature increases from 290 K to 294 K (see inset in155
Figure 3(c)). The presence of defects also plays an important role for martensitic transition [47, 48]. Without specific156
experimental evidence, we cannot detail the impact of structural defects, such as dislocations or stacking faults, on157
the martensitic transition. We can, however, speculate given that a strongly first-order transition and a large MCE158
are observed in as-quenched samples, but MCE in the annealed ribbons is clearly reduced. In particular, it has been159
emphasized that dislocations are the most important defect driving a martensitic transition [48]. Rapid solidification160
can create high local vacancy supersaturation, which generate osmotic forces on dislocations. These forces can easily161
alter the dislocation configuration through processes, like vacancy-assisted climb, and the formation of dislocation162
loops and intrinsic stacking faults, which are potential sites for the nucleation of martensite [48, 49, 50]. Any heat163
treatment (annealing) would reduce lattice defects and lattice-site disorder in the material during typical recovery164
or recrystallization processes, with a reduced dislocation density. And, if the same material is heated well above165
its recrystallization temperature, then defect-free grains result in a microstructure with a dramatically reduced dislo-166
cation density. So, with such dislocation density reductions, the nucleation of martensite can be hindered. On the167
other hand, dislocation motion creates structural disorder in sublattices that can enhance site magnetic moments [47].168
Hence, the reduction of dislocation density and disorder due to annealing may cause an overall reduction of mag-169
netic moment [47]. Hence, if there is a high dislocation density and structural disorder in the as-prepared ribbons170
that favor nucleation of a martensitic transition, then we would expect that annealing would decrease the dislocation171
density and the evolution of martensitic transition is affected, which leads to the smaller MCE in the annealed ribbons.172
Independent microscopy studies are required to confirm this suggestion.173
4. Conclusions174
To summarize we have demonstrated a giant magnetocaloric response in Ni50−xCoxMn35Ti15 ribbons near room175
temperature for relatively low magnetic fields. The observed peak values of ∆S are enhanced by remarkable 400%+176
compared to their bulk counterparts and are larger than most magnetocaloric materials reported for near room-177
temperature applications. The rapidly solidified materials are mechanically stable even during the structural transition,178
which is advantageous from application point of view. The results reported here clearly demonstrate a viable way to179
enhance the magnetocaloric effect as well as provide an avenue to produce magnetocaloric materials moving towards180
viable room-temperature applications, such as magnetocaloric refrigeration.181
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